Summary. Objectives: To determine at the peak age for sudden infant death syndrome (SIDS) the ventilatory response to hypoxia of infants whose mothers substance misused in pregnancy (SM infants), or smoked during pregnancy (S mothers) and controls whose mothers neither substance misused or smoked. In addition, we compared the ventilatory response to hypoxia during the neonatal period and peak age of SIDS. Working hypothesis: Infants of S or SM mothers compared to control infants would have a poorer ventilatory response to hypoxia at the peak age of SIDS. Study Design: Prospective, observational study. Patient-subject selection: Twelve S; 12 SM and 11 control infants were assessed at 6-12 weeks of age and in the neonatal period. Methodology: Changes in minute volume, oxygen saturation, heart rate, and end tidal carbon dioxide levels on switching from breathing room air to 15% oxygen were assessed. Maternal and infant urine samples were tested for cotinine, cannabinoids, opiates, amphetamines, methadone, cocaine, and benzodiazepines. Results: The S and SM infants had a greater decline in minute volume (P ¼ 0.037, P ¼ 0.016, respectively) and oxygen saturation (P ¼ 0.031) compared to controls. In all groups, the magnitude of decline in minute volume in response to hypoxia was higher in the neonatal period compared to at 6-12 weeks (P < 0.001). Conclusions: Both maternal substance misuse and smoking were associated with an impaired response to a hypoxic challenge at the peak age for SIDS. The hypoxic ventilatory decline was more marked in the neonatal period compared to the peak age for SIDS indicating a maturational effect. Pediatr Pulmonol.
INTRODUCTION
Maternal smoking during pregnancy is the largest, preventable cause of perinatal morbidity 1, 2 and mortality. 3 With the success of the Back-To-Sleep campaign, tobacco exposure is the main risk factor for Sudden Infant Death Syndrome (SIDS). Maternal smoking is associated with at least a threefold increased risk of SIDS. 4 Illicit drug use in women of reproductive age is increasing. 5, 6 A recent review of nearly 300 centers in the United States, found increases from 2004 to 2013 in patient admissions, length of stay, and resource utilization for infants admitted to neonatal units with neonatal abstinence syndrome. 7 Maternal misuse of cocaine 8 and opiates 9, 10 have been shown to increase the risk of SIDS. In the United Kingdom, the CESDI (Confidential Enquiry Stillbirths and Deaths in Infancy) Study demonstrated a significantly higher use of illegal substances in mothers of SIDS than controls 15.9% versus 5.6%.
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SIDS has been hypothesized to be due to brainstem abnormalities which could adversely affect ventilatory control. 12 We, therefore, hypothesized that infants of substance misusing mothers or smoking mothers would have a poorer ventilatory response to hypoxia compared to infants of non-substance-misusing, non-smoking mothers at the peak age of SIDS (6-12 weeks postnatal age). The aim of this study was to test this hypothesis.
In human adults, a rapid increase in ventilation is elicited by hypoxia and only after approximately 15 min is there a decline in minute ventilation, but it still remains above the baseline hypoxic values. 13 Both prematurely [14] [15] [16] and term born 17 infants have a biphasic response to hypoxia with a transient increase in ventilation that peaks at approximately 1 min into the hypoxic challenge followed by a late decline at 3-5 min. The biphasic response to hypoxia may persist beyond the neonatal period. 18, 19 A further aim of this study was to determine, if any differences in the response to hypoxia between the S, SM, and control groups differed at 6-12 weeks compared to the neonatal period.
MATERIALS AND METHODS
Infants were eligible for entry into the study if they were born at 36 weeks of gestational age or greater at King's College Hospital NHS Foundation Trust and had been assessed in the neonatal period prior to maternity unit discharge, that is at <10 days of age. The results from the neonatal period have been published. 20 Informed written parental consent was obtained and the study was approved by the Guy's and St Thomas's Hospitals NHS Foundation Trust Research Ethics Committee.
Three groups were recruited:
(1) Infants of mothers who gave on antenatal screening a history of substance misuse during pregnancy (SM infants). (2) Infants of mothers who gave a history of smoking during pregnancy (S infants). (3) Infants of mothers who neither smoked nor misused substances during pregnancy (controls).
Substance misuse was defined as use of any illicit drugs during pregnancy and confirmed by urine analysis during pregnancy and in the immediate perinatal period. Maternal smoking was defined as any history of daily smoking regardless of the number of cigarettes smoked per day and was confirmed by maternal and infant urinary cotinine analysis performed in the immediate perinatal period. Full details of the demographics of infants as well as the maternal smoking and substance misuse details have been previously published. 20 
Hypoxic Challenge
Physiological measurements were carried out when the infants were in quiet sleep. Sleep state was determined by observation of the behavioral state. 21 An infant was defined as being in quiet sleep when their eyes were closed, with no body or eye movement, no vocalization and their respiratory rate was regular. The hypoxic challenge was delivered via a facemask and custom-made open circuit system using 15% oxygen in balanced nitrogen from a cylinder (BOC Gases, UK). The facemask was placed over the infant's mouth and nose, therapeutic putty was put around the rim of the facemask to ensure an airtight seal around the face. Respiratory flow was measured using an appropriately sized pneumotachograph connected to the face mask (Mercury F10L, G M Instruments, Kilwinning, Scotland) with a dead space 0.8 ml and a resistance of 1.4 cm H 2 O/L/sec. The distal end of the pneumotachograph was connected to a two-way non-rebreathing valve contained within the open circuit system. A constant flow of medical air from a cylinder (BOC Gases) was delivered to the inspiratory port of the two-way non-rebreathing valve via length of wide bore (20 mm), low resistance tubing. The pneumotachograph was attached to a differential pressure transducer/amplifier (13-4615-70, Gould, Cleveland, OH). Data were acquired and displayed in real time on a PC computer running Spectra software (Grove Medical, London, UK) with 100 Hz analog to digital sampling (PCI-MIO-16XE-50, National Instruments, Austin, TX). Tidal volume was determined. It was then corrected for body weight and the minute volume calculated using the respiratory rate. Inspired and expired gases were sampled continuously using a small cannula inserted through the facemask and positioned close to the infant's mouth. Oxygen saturation and heart rate were measured using a pulse oximeter (Masimo rainbow SET Pulse Oximetry and recorded on the acquisition software). The averaging time of the oximeter was 4 sec.
During quiet breathing, the infants were switched from breathing room air to 15% oxygen in nitrogen (BOC Gases). The final minute of tidal breathing in air was used as the baseline value. The hypoxic challenge was maintained for 5 min, but terminated if the oxygen saturation level fell below 85%. The responses to the hypoxic challenge were determined by:
(1) The magnitude of any increase in minute ventilation from baseline to the peak ventilation. (2) The magnitude of any decline in minute volume from the peak to the lowest minute volume. (3) The change in the oxygen saturation level from baseline to the lowest oxygen saturation level. (4) The magnitude of increase in heart rate from baseline to peak in response to hypoxic challenge. (5) The changes in end tidal CO 2 (ETCO 2 ) with hypoxia.
The times to peak minute ventilation and to the lowest SaO 2 were noted.
Statistical Analysis
The data were tested using the Kolmogorov-Smirnov test and found to be not normally distributed. Differences between infants in the three groups were assessed for statistical significance using the Kruskal-Wallis one-way analysis of variance for continuous variables and Chisquare for categorical variables. Differences between results in the neonatal period and at 6-12 weeks post term were assessed for statistical significance using the paired Wilcoxon rank sum test. Analysis was performed using SPSS version 22.0 (SPSS, Inc., Chicago, IL).
RESULTS
Thirty-five of the 61 infants who had been assessed in the neonatal period were studied at 6-12 weeks of age. There were no significant differences in gestational age (median 38 vs. 39 weeks of gesational age, P ¼ 0.355), birth weight (2,850 vs. 3,092 g, P ¼ 0.08), gender (60% vs. 62% male, P ¼ 0.126), mode of delivery (71% vs. 70% spontaneous vaginal delivery, P ¼ 0.640) or maternal age (28 vs. 31 years, P ¼ 0.233) between those who were and were not assessed at 6-12 weeks. Twelve substance misuse (SM), 12 smoking (S), and 11 control infants were assessed (Table 1 ). There were no significant differences between the three groups with regard to the weight, gender, age at the study or maternal age ( Table 1) .
The urine analysis in the immediate postpartum period demonstrated that all the mothers of SM infants were smoking, as were the mothers of the S infants, but that none of the mothers of the controls were smoking. The urine analysis also demonstrated that none of the mothers of S infants or the controls had been substance misusing. In the SM group, urine analysis in the immediate post partum period demonstrated seven women were on methadone, two had misused cocaine and three had misused multiple drugs.
There was no significant difference between the groups in baseline minute volume (P ¼ 0.17) ( Table 2 ). The initial increase in minute volume during the hypoxic challenge did not differ significantly between the groups (P ¼ 0.309) ( Table 2 ). There was no significant difference in the time to peak minute ventilation between the groups (P ¼ 0.056). The magnitude of the subsequent decline in minute volume varied significantly between the groups (P ¼ 0.02) with a greater magnitude of decline occurring in the S (P ¼ 0.037) and the SM infants (P ¼ 0.016) compared to the controls ( Table 2 ). The baseline ETCO 2 , the ETCO 2 decline and the ETCO 2 increase with hypoxic ventilatory decline did not differ significantly between the groups (Table 2) .
There were no significant differences in the baseline oxygen saturation or baseline heart rate between the groups ( Table 3 ). The percentage decline in oxygen saturation was significantly different between the groups (P ¼ 0.031). The time to the lowest oxygen saturation was greater in the controls than the infants of S (P ¼ 0.036) or SM (P ¼ 0.014) mothers (Table 3 ). There was a significantly higher increase in heart rate with the hypoxic challenge in the controls compared to S (P ¼ 0.05) and SM (P ¼ 0.01) infants.
Comparison of the results in the neonatal period and at 6-12 weeks of age showed that the baseline minute volume was significantly higher in the neonatal period (P ¼ 0.009). There was no significant difference in the magnitude of the increase in ventilation between the two study periods, but the magnitude of decline was significantly higher in the neonatal period compared to 6-12 weeks of age (P < 0.001) ( Table 4) .
DISCUSSION
We have demonstrated that at the peak age of SIDS infants of SM and S mothers had a greater magnitude of decline in ventilation in response to a hypoxic challenge compared with controls. We also demonstrated a greater percent decline in oxygen saturation in response to hypoxia in the SM and S infants compared to controls. In addition, the SM and S infants reached the lowest saturation level earlier in the course of the hypoxic challenge. Previous studies have shown that maternal smoking or substance-misuse impairs certain aspects of the infant arousal and ventilatory responses to a hypoxic challenge out with the neonatal period.
12,22,23 At 2-3 months of age, infants of smoking mothers compared to controls had impaired arousal responses to a hypoxic challenge. 12 Furthermore, a smaller fall in end-tidal carbon dioxide and impaired arousal responses in response to a hypoxic challenge in infants of substanceabusing mothers at 9 weeks of age has been demonstrated. 23 In addition a longer arousal latency in response to a hypoxic challenge has been reported at 5-6 months of age in infants of smoking mothers compared to controls. 24 Three-month-old infants exposed prenatally to methamphetamine; however, did not differ in their arousal responses to auditory stimuli from aged matched controls before and after adjustment for maternal smoking, alcohol, and marijuana use. 25 Infants of smoking mothers had a blunted response to a hypoxic stimulus 23 at 24 months of age.
In response to an asphyxial (hypoxia/hypercarbia) challenge infants aged between 1 and 3 months of smoking mothers had an enhanced ventilatory response compared to controls and a greater degree of desaturation. 26 Similarly, an increase in the ventilatory response to a combined hypercarbic/hypoxic challenge was reported in in small for gestational age (SGA) infants of smoking mothers studied between 1 and 3 months of age. 27 The combination of hypoxic and hypercarbic challenges in both those studies explains the differences in the minute ventilation changes they report compared to those demonstrated in our study which only assessed the response to a hypoxic challenge.
The increase in heart rate in response to hypoxia was greater in the controls than the SM or S infants. The ventilatory response to hypoxia increases lung stretch receptor activity via cardiac vagal motoneurons resulting in tachycardia. [28] [29] [30] [31] In term born infants aged 2-82 days, maternal smoking affected the magnitude and the time course of heart rate increase in response to hypoxia compared to controls. 32 We now demonstrate maternal substance misuse was also associated with a lower heart rate increase in response to hypoxia compared to that in the controls.
One study reported that the biphasic response had disappeared by 10 days of age, 33 while others have demonstrated that the immature biphasic response to hypoxia persisted into the second month of postnatal life in both prematurely born 18 and term born infants. 34 Furthermore, another study showed that the biphasic response to hypoxia persisted in both quite and active sleep at 5-6 months of age. 19 Our results confirm the persistence of the biphasic response to hypoxia at 6-12 weeks The magnitude of decline in minute volume in response to hypoxia, however, was less marked at 6-12 weeks of age compared to the neonatal period likely reflecting a maturational effect.
We recruited infants greater or equal to 36 weeks of gestational age, as it has been our experience that SM infants frequently deliver moderately prematurely and thus our recruitment criteria enabled us to recruit sufficient infants. In the neonatal period, 20 we and others [35] [36] [37] have demonstrated significant differences in birth weight between the S and SM infants and the control group, yet at follow up the weight of the three groups was similar. We speculate this reflects adequate postnatal weight gain of the S and SM infants. Indeed we have demonstrated excessive postnatal weight gain in SM infants. 38 Our study has strengths and some limitations. We have been able to study the ventilatory response to hypoxia in three groups, whose status was confirmed by urinary analysis in the immediate post partum period. Although, we were only able to reassess approximately half those recruited in the neonatal period, there were no significant differences in the demographics of those who were and were not followed-up. In addition, we were able to show significant differences between the results of the three groups at follow-up. There was a wide age range in the infants at follow-up; however, the age of study at follow up did not significantly differ between the groups. We, therefore, feel the wide age range would have been unlikely to have influenced the differences we detected in the ventilatory response between the groups. We were unable to comment on the variability of the response, which has been previously shown to be high, 39 as we only studied the infants' responses to one hypoxic challenge. Nevertheless, we saw significant differences between the three groups. We only studied infants in quiet sleep and hence cannot comment on whether the responses would have been different in different sleep states. It has been reported that in response to a hypoxic challenge, infants invariably aroused in active sleep, but in quiet sleep either aroused or failed to arouse. 40 In that and our study, however, a biphasic response to a hypoxic challenge was demonstrated at follow up. We were unable to separate the effects of smoking and substance misuse as all of the mothers in the SM group also smoked. To our knowledge, this is the first study which has compared the responses to hypoxia in infants of SM/ S mothers and S mothers both at the peak age for SIDS and in the early neonatal period.
In conclusion, we have demonstrated a change in the ventilatory response to a hypoxic challenge over the first month after birth. At the peak age for SIDS, there was a greater decline in minute ventilation in response to hypoxia in the infants of smoking mothers and those of substance misusing smoking mothers. This may make them more vulnerable to SIDS.
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